2+ sensor that translocates from the cytosol to the plasma membrane (PM) and promotes vesicle priming and fusion. However, the molecular mechanism underlying its translocation and targeting to the PM in living cells is not completely understood. DOC2B interacts in vitro with the PM components phosphatidylserine, phosphatidylinositol (4, 5)-bisphosphate [PI(4, 5)P 2 ] and target SNAREs (t-SNAREs). Here, we
| INTRODUCTION
] i rises, DOC2B translocates to the plasma membrane (PM) and supports vesicle priming and fusion. As its name suggests, DOC2B contains 2 sequential C2 domains which comprise most (70%) of the protein, termed C2A and C2B. 1, [4] [5] [6] [7] [8] C2 domains are abundant Ca 2+ -binding modules present in many proteins and involved in cell signaling and the secretory pathway. They are composed of~130 residues organized in a sandwich of 2 four-stranded anti-parallel β-sheets connected by loops. Ca 2+ binds to 5 conserved aspartates located in the interconnecting loops with an affinity dictated by the surrounding sequence. 9-12 C2 domains were first discovered in classical protein kinase C (PKC)
where they were shown to be responsible for Ca 2+ -dependent membrane binding. 13, 14 DOC2B C2 domains are also responsible for DOC2B's Ca
2+
-dependent ability to bind to membranes in vitro and in living cells. In vitro, DOC2B C2
domains bind the membranal components; phosphatidylserine (PS), phosphatidylinositol (4, 5)-bisphosphate [PI(4, 5)P 2 ] and the target SNAREs (t-SNAREs) syntaxin (syx) and SNAP25 when bound together in a binary complex. 1, [3] [4] [5] However, which of these components targets DOC2B
specifically to the PM (and not to intracellular membranes), as well as the exact mechanism underlying DOC2B's translocation, remain elusive.
It has been repeatedly demonstrated in vitro that the C2
domains of DOC2B bind PS in a Ca 2+ -dependent manner, 1, 3, 6 and that the C2A of DOC2B binds PS-containing liposomes at submicro-
]. 5 However, isolated DOC2B C2A fails to translocate to the PM in living cells, 6 suggesting that PS-binding is insufficient to induce translocation in cells. In addition, PS is present in many Abbreviations: [Ca 2+ ] i , intracellular calcium concentration; BoNT, botulinum toxin; DOC2B, double C2 domain protein B; PI, phosphoinositide; PI(4, 5)P 2 , phosphatidylinositol (4, 5)-bisphosphate; PLCδ, phospholipase Cδ; PM, plasma membrane; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine; PS, phosphatidylserine; SV, synaptic vesicle; syt, synaptotagmin; syx, syntaxin; TIRFM, total internal reflection fluorescence microscopy; t-SNAREs, target SNAREs intracellular membranes other than the PM, 15, 16 but neither fulllength DOC2B nor its isolated domains are targeted to them. Thus, although PS has been shown to interact with DOC2B C2 and homologous C2 domains, it is unlikely to target DOC2B C2 domains to the PM.
In contrast, syxÁSNAP heterodimers are relatively restricted to the PM, 17 and PI(4, 5)P 2 is exclusively localized to the PM, [18] [19] [20] making them potential targeting molecules for Ca 2+ -bound DOC2B. Specifically, PI(4, 5)P 2 has been proposed to function via recruitment of proteins to their sites of action. 21, 22 Indeed, PI(4, 5)P 2 was found to be crucial for Ca 2+ -dependent translocation of the PKC C2 domain. 23, 24 In addition, specific interactions of PI(4, 5)P 2 with C2 domains of synaptotagmin (syt) 1 and rabphilin 3A, which present the highest homology to DOC2B C2 domains, have been suggested by nuclear magnetic resonance and in vitro assays. [25] [26] [27] Other biochemical studies have established that PI(4, 5)P 2 enhances the Ca 2+ -dependent and independent interactions of syt1 and DOC2B C2 domains with liposomes. 1, 25 . Another study, Tucker et al, found a strong correlation between the ability of C2 domains from syt 1 to 9 to inhibit fusion in cracked rat adrenal pheochromocytoma (PC12) cells, and the ability to bind PI(4, 5)P 2 and t-SNAREs but not PS. 28 Mutagenesis studies in many C2 domains have revealed a conserved basic patch of amino acids that interact with PI(4, 5)P 2 and t-SNAREs.
Mutating this region in the C2B of syt1 and DOC2B severely impaired the domain's Ca
-independent PI(4, 5)P 2 -binding in vitro. 1, 25 In DOC2A, severe impairment of the basic patch in C2B substantially decreased Ca +2 -induced PM translocation of the full-length protein, 29 and similar mutations in the C2C domain of extended syt1 led to loss of its peripheral distribution. 30 In the tandem C2AB of DOC2B, a double mutation in specific lysines in both C2 domains (K237, 319E) decreased t-SNARE binding and PI(4, 5)P 2 Ca
-independent interactions, and further impaired the domains' Ca
-dependent ability to enhance fusion. 1 However, knowledge is limited regarding the contribution of PI(4, 5)P 2 and t-SNARE binding to DOC2B's Ca
-dependent PM translocation in living cells. Understanding this constitutes a key step in the broader question regarding the mechanism of DOC2B in promoting asynchronous and spontaneous release.
To learn more about the significance of PI(4, 5)P 2 and t-SNARE binding to DOC2B's Ca 2+ -dependent PM translocation in living cells, and to reveal the molecule that targets DOC2B
specifically to the PM, we implemented various molecular, cellular, pharmacological and modeling techniques. We concluded that PI(4, 5)P 2 is a critical factor for DOC2B translocation to the PM and that its arrival to the PM is driven by diffusion. These findings expand our understanding of how PM composition spatially controls exocytotic events.
2 | RESULTS
| Screening for potential targeting molecules
The C2 domains of DOC2B can bind several membranous compo- ] i . To address this, we set 3 main requirements for the potential DOC2B target: (1) its distribution pattern must match that of the Ca 2+ -bound DOC2B, (2) manipulations that affect DOC2B's interaction with the target will affect DOC2B translocation, and (3) inducing a change in the target's distribution pattern (i.e, enriching the target in other cellular organelles) should change DOC2B's translocation destination according to the new pattern. We therefore systematically examined each of the known DOC2B-interacting partners at the PM, as well as DOC2B mutants, for these requirements, while using a cell-based system to maintain a physiological environment.
We began by examining the distribution patterns of t-SNAREs (syx1A and SNAP25), PI(4, 5)P 2 and PS, which are known to interact with DOC2B in vitro 1, 3, 4 and reside on the PM. We examined PI(4, 5) P 2 and PS distribution by overexpressing the phospholipid biosensors PLCδ (phospholipase Cδ)-PH-GFP (green fluorescent protein) 19 and
Lact-C2-GFP, 16 respectively, in PC12 cells. The distribution patterns of t-SNAREs were also observed in PC12 cells using overexpression of fluorescently tagged syx1A or SNAP25. In accordance with previous well-established data, [15] [16] [17] 19 we observed that only PI(4, 5)P 2 presents clear PM staining resembling that of DOC2BÁCa
2+
( Figure S1 , Supporting Information). The distribution of mRFP (monomeric red fluorescent protein)-syx1A was not restricted to the PM as it was also clearly observed in intracellular organelles ( Figure S1 ).
However, SNAP25-YFP (yellow fluorescent protein) distribution was relatively restricted to the PM, and SNAP25Ásyx1A heterodimers were primarily localized to the PM in PC12 cells. 17 As DOC2B only binds to SNAP25Ásyx1A in their heterodimeric state, 4 we have to consider t-SNAREs as potential DOC2B-targeting molecules. Finally, PS was enriched in both intracellular membranes and the PM, in a pattern that was distinct from that of Ca
-activated DOC2B
( Figure S1 ). 6, 8, 16 Thus, even though it has been repeatedly shown that DOC2B can bind PS in vitro, 1, 3, 5, 6 it is less likely to target Ca 2+ -bound DOC2B to its destination in living cells. We therefore focused on ] i increase in the cells was verified using the red-shifted calcium indicator R-GECO
31
( Figure 1C ).
To discriminate the individual contribution of t-SNAREs and PI(4, 5)P 2 to the PM localization of Ca
2+
-bound DOC2B, we manipulated each of these factors separately at the PM and examined DOC2B translocation. To substantially reduce t-SNARE levels, we cleaved syx and SNAP25 by expressing the light chains of botulinum toxin C (BoNT/C) and botulinum toxin E (BoNT/E) for 48 hours. [32] [33] [34] [35] We verified t-SNARE cleavage using cells overexpressing syx1A or SNAP25 fused to fluorophores positioned on the side of the protein that is destined for cleavage. As expected, SNAP25-YFP and mRFPsyx1A, which localize to the PM under control conditions, were localized to the cytosol when co-expressed with the toxins, indicating their successful cleavage ( Figure 2A ). We then measured DOC2B-GFP translocation in the presence or absence of the toxins and found it to be similar under both conditions ( Figure 2B , C). To confirm that the toxins do not change Ca 2+ dynamics in the cells, we also measured R-GECO fluorescence in cells expressing the toxins and in naive cells, and found similar Ca 2+ dynamics in both ( Figure 2D ).
Next, we manipulated PI(4, 5)P 2 levels at the PM using the rapamycin system. 20 This technique is based on the rapamycin-dependent Figure 3E ). This suggested that PI(4, 5)P 2 is crucial for DOC2B translocation to the PM.
We then examined the effect of PI (4, 5) Figure 3G ). DOC2B-mRFP translocation was not affected by this manipulation ( Figure 3F ). This was not surprising considering the fact that the PI(4, 5)P 2 biosensor, PLCδ-PH, is also unaffected by this manipulation. 20 Previous studies have found that certain mutations in the C2A ] i . 5, 8, 36 However, the nature of this interaction is not clear.
We therefore examined the previously described DOC2B D218, 220N 4,8 for its requirement of PI(4, 5)P 2 for constitutive PM distribution. -GFP, deficient in PI(4, 5)P 2 and t-SNARE binding, fails to translocate to the PM following KCl depolarization, despite Ca 2+ elevation as evidenced by R-GECO (n = 11 for both mutant and WT DOC2B; t-test P > .05) (C). B, TIRFM quantification of KCl-induced translocation of DOC2B K237,319E
-GFP and DOC2B WT -GFP (n = 12 for mutant and 9 for WT DOC2B; Mann-Whitney P < .005). Data presented as mean AE SEM. Scale bar = 10 μm FIGURE 2 SNARE cleavage using BoNT/C and BoNT/E does not affect DOC2B translocation. A, Cells co-expressing BoNT/C and BoNT/E (BoNT/C + E) together with SNAP25-YFP or mRFP-syx1A. Fluorophores were placed at the site of the t-SNARE protein that is detached from the membrane and enters the cytosol following cleavage. Images indicate full cleavage by the toxins. B, Representative epifluorescence images. C, TIRFM quantification of KCl-induced DOC2B-GFP translocation in the presence or absence of BoNT/C + E (n = 28 in the no toxin group and 34 in the toxin group; t-test P > .1 Finally, to further demonstrate the ability of PI(4, 5)P 2 to target DOC2B to the PM, we used a novel approach of protein tar- We also used this system to test the PI(4, 5)P 2 -targeting of C2B isolated from DOC2B. C2B is the primary Ca 2+ sensor in DOC2B, capable of independent translocation to the PM. 6 Similar to the full-length DOC2B, isolated C2B translocated to intracellular membranes containing PI(4, 5)P 2 following rapamycin and ionomycin treatments ( Figure S2A ). Furthermore, C2B K319E , previously
shown to be impaired in PI(4, 5)P 2 -binding 1 and comprising one of the mutations in the non-translocating DOC2B
K237,319E
( Figure 1 ), did not translocate to the PM ( Figure 7A , B) or to intracellular membranes following PI(4, 5)P 2 synthesis in these 
| Molecular dynamics simulations reveal multiple PI(4, 5)P 2 -C2B interactions
The fact that isolated C2B presents behavior similar to that of the fulllength DOC2B in terms of translocation and requirement of PI (4, The analysis of energy components revealed that the proteinlipid interactions are largely governed by electrostatics ( Figure 6D ).
Interactions of the protein with POPS and PI(4, 5)P 2 lipids made the major contribution to the overall energy of the protein-lipid interactions ( Figure 6E ). The energy of the interactions between the protein and PI(4, 5)P 2 molecules was close to zero at the initial time point, but it decreased along the trajectory ( Figure 6E ) as the salt bridges between the protein and PI(4, 5)P 2 molecules formed ( Figure 6F ). In -bound form. Three residues of the polybasic region, K317, K319 and K321, form salt bridges with a PI(4, 5)P 2 molecule, anchoring the protein to the lipid bilayer. In addition, interaction of another PI(4, 5)P 2 molecule with the residue K327 positioned at one of the Ca 2+ -binding loops enhances the penetration. D, Energy components of protein-lipid interactions show domination of electrostatics. E, The interactions of the protein with PI(4, 5)P 2 prevail at the end of the trajectory, although PI(4, 5)P 2 and POPS lipids make comparable contributions to the overall energy of the protein-lipid interactions at the beginning of the trajectory. F, The energy of the interactions of PI(4, 5)P 2 with the polybasic residues K317, K319 and K321, as well as with residue K327 of a Ca 2+ -binding loop. The energy decrease along the trajectory reflects the formation of multiple salt bridges contrast, the energy of the interactions between the protein and POPS lipids remained at a steady level ( Figure 6E ). Although at the beginning of the trajectory, the interactions of the protein with POPS and PI(4, 5)P 2 made roughly equal contributions to the overall energy of the protein-lipid interactions, at the end of the trajectory, interactions with PI(4, 5)P 2 strongly prevailed ( Figure 6E ). The residues of the polybasic region K317, K319 and K321 made the major contribution to these interactions, and they were also fortified by the salt bridge between PI(4, 5)P 2 and K327 ( Figure 6C, F impaired, albeit to a lesser extent. This might be because of the fact that the lysine-to-glutamate exchange at position 319 interferes with the charge of neighboring basic residues in the polybasic region, magnifying its effect ( Figure 7A , B).
We further tested the effect of the mutations in lysines 
| DOC2B translocation to the PM is not affected by other phosphoinositides
We next examined whether manipulations of other phosphoinositides To increase PI(3-5)P 3 levels at the PM, we used the rapamycin system. Here, rapamycin induced the dimerization of a fluorescently tagged FKBP-iSH and the PM anchor Lyn11-FRB. The iSH unit is an inter-Src homology 2 (iSH2) domain from p85, which complexes in cells with the endogenous PI3K p110 to promote PI(3-5)P 3 synthesis without affecting PI(4, 5)P 2 levels. 20 PH-Btk-GFP, a specific biosensor for PI(3-5)P 3 , was used to verify the latter's synthesis at the PM. 41 Rapamycin induced robust translocation of PH-Btk-GFP to the PM, indicating PI(3-5)P 3 synthesis ( Figure 8D ). Nevertheless, DOC2B WT -GFP translocation is severally impaired by the K319E and K327 mutations (n = 12 in all groups; one-way ANOVA P < .05; Tukey P < .05 for all pairs). Bottom: Change in R-GECO fluorescence (n = 13 for WT and 10, 11 for C2B K319E , C2B K327E respectively; one-way ANOVA ; one-way ANOVA P > .05). Data presented as mean AE SEM. Scale bar = 10 μm remained cytosolic under basal [Ca 2+ ] I , and its translocation to the PM was similar to that of the control upon KCl-induced depolarization ( Figure 8E ). Figure 8F shows that the average [Ca 2+ ] i peaks, as measured by Fura4F-AM, were similar under enhanced PI(3-5)P 3 and control conditions. These results suggest that neither PI(3, 4)P 2 nor PI(3-5)P 3 plays a significant role in the targeting of DOC2B to the PM, and that the observed requirement for PI(4, 5)P 2 in DOC2B translocation is specific to this PI.
| Ca
2+ -dependent translocation of DOC2B to the PM is ATP-independent, driven by diffusion We further examined whether impairing the cytoskeleton would affect DOC2B translocation, as most active transport of proteins and vesicles in the cytoplasm is based on the elements of the cytoskeleton network. We incubated PC12 cells overexpressing DOC2B-GFP with latrunculin B or nocodazole to depolymerize actin or microtubules, respectively. As can be seen in the control images of actin and microtubule staining, these networks were completely disassembled FIGURE 8 PI(3, 4)P 2 and PI(3-5)P 3 are not crucial for DOC2B translocation. A, DOC2B translocation was not affected by loss of PI(3, 4)P 2 or PI(3-5)P 3 , induced by wortmannin and reported as detachment of the PI(3, 4)P 2 and PI(3-5)P 3 biosensor PH-Akt-GFP from the PM (n > 10). B, Quantification of DOC2B KCl induced translocation under the wortmannin and control conditions (n = 9 for control and 8 for wortmannintreated cells; t-test P > .05). D, PI(3-5)P 3 enhancement using the rapamycin system. (top) schematic representation of the rapamycin (Rapa)-induced PI(3-5)P 3 synthesis at the PM. Rapamycin induced dimerization of mCherry-iSH and Lyn-FRB resulting in (bottom) robust translocation of the PI(3-5)P 3 -specific biosensor PH-Btk-GFP to the PM, indicating PI(3-5)P 3 synthesis at the PM (n > 5). E, DOC2B-GFP remains cytosolic under conditions of increased PI(3-5)P 3 and translocates normally following KCl stimulation (inset: representative DOC2B-GFP images; n = 9 under both conditions; t-test P > .05). C,F, Quantification of calcium using Fura4F-AM in the cells presented in B and E, respectively (t-test P > .05 under both conditions). Data presented as mean AE SEM. Scale bar = 10 μm under our experimental conditions ( Figure 9I ). Nevertheless, both the kinetics and amplitude of flash-induced DOC2B-GFP translocation remained unchanged ( Figure 9J , K).
If translocation of DOC2B to the PM is ATP-independent, it might occur through simple diffusion. We thus measured DOC2B cytoplasmic diffusion rate by fluorescence recovery after photobleaching (FRAP). In this experiment, DOC2B-GFP-expressing PC12 cells were photobleached by a laser beam in a small round area of the cytoplasm (radius ≈ 2 μm), and recovery of fluorescence in this area was measured ( Figure 9L ). The recovery time constant (τ) value of DOC2B-GFP was 82 AE 4 milliseconds (n = 10), yielding an estimated diffusion coefficient (D) of 8 μm 2 /s, 49 which is in accordance with diffusion coefficients reported in the literature for small proteins in the cytoplasm, 50, 51 and allows a translocation time constant of 200 to 400 milliseconds for DOC2B-GFP in a typical PC12 cell with a radius of~5 μm ( Figure 9C , G, J). We thus concluded that DOC2B translocation is ATP-independent and driven by diffusion. ] i , 4, 36 detached from the PM following PI(4, 5)P 2 hydrolysis suggested that our observation regarding the requirement of PI(4, 5)P 2 for DOC2B translocation indeed stems from loss of PI(4, 5)P 2 and not from aberrations in Ca 2+ dynamics. Furthermore, our ability to control and redirect DOC2B translocation to new destinations by synthesizing PI(4, 5)P 2 in intracellular membranes further strengthened our hypothesis that DOC2B is targeted to PI(4, 5)P 2 -containing membranes. The latter constitutes a novel approach to examining protein targeting in living cells by demonstrating the spatial control of PI(4, 5) P 2 on DOC2B localization.
| DISCUSSION
Enhancing PI(4, 5)P 2 levels at the PM did not result in enhanced DOC2B translocation. This is consistent with previous studies which also found that the PI(4, 5)P 2 biosensor itself, PLCδ-PH-GFP, is not affected by this manipulation. 20 The synthesis of PI (4, 5 ] i . 52 In addition, specific interactions between PI(4, 5)P 2 and DOC2B C2 domains, as well as other homologous C2 domains, have been described.
1,26
The existence of specific interactions between DOC2B and PI(4, 5) . This may be explained by the fact that unlike lysine 327, lysine 319 is surrounded by other basic residues and its replacement by glutamate may interfere with their PI(4, 5)P 2 interaction as well, thus reducing the overall interaction with the PM. Mutating these residues in the full-length DOC2B also dramatically decreased translocation. The contribution of C2A to PI(4, 5)P 2 -binding was also examined by mutating K237 to glutamate in the full-length DOC2B. DOC2B K237E translocation was also reduced compared with DOC2B WT , however not significantly so, and the reduction was far less prominent than that of the mutations in C2B.
Although in vitro studies, as well as our MD simulations, demon- ] in vitro. [4] [5] [6] These differences might stem from cellular factors that regulate C2 domain-PM binding and lead to the difference between in vitro and in vivo results. Hence, a direct interpretation of in vitro binding data to in vivo conditions should be made cautiously.
The MD simulation performed here provides some possible explanations and suggests that interactions with PI(4, 5)P 2 prevail over those FIGURE 9 DOC2B translocation is ATP-independent with diffusion-like kinetics. A,E, Vesicle trafficking in BHK-21 cells as a control for an ATP-dependent process that is severely affected by temperature change and ATP reduction. NPY-mRFP tagged vesicles (top panels) and their mobility maps (bottom panels) within a BHK-21 cell under elevated and decreased temperature conditions (A) or under reduced ATP and control conditions (E). High mobility and low mobility are represented by bright and dark colors, respectively (mobility scores were 30.4 AE 3.8 and 7.7 AE 2.7 for the high-and low-temperature conditions, respectively, and 16.3 AE 2.4 and 1.77 AE 0.9 for the control and ATP-reduced conditions, respectively; n = 5 in each group, Mann-Whitney P < .005). B,F, Averaged TIRFM traces of DOC2B-GFP translocation under the temperature-change and ATP-reduction conditions, respectively. C,D,G,H, Quantification of the TIRFM DOC2B-GFP translocation parameters: amplitude and kinetics in the temperature (n = 10 and 11 for 16 C and 32 C, respectively; t-test P > .05 for both tau and amplitude) and ATPreduction experiments (n = 10 and 11 for control and ATP-depletion conditions, respectively; t-test P > .05 for both tau and amplitude). I, Control PC12 staining for microtubules (top panels) and actin filaments (bottom panels) before and after incubation with nocodazole (Noc) or latrunculin B (LatB), respectively (n > 5 in each group). J,K, TIRFM quantification of DOC2B-GFP translocation in the presence of nocodazole or latrunculin B in terms of amplitude and kinetics (n = 10, 11 and 10 for control, nocodazole and latrunculin B respectively; for both tau and amplitude, when each condition was compared separately to the control: t-test P > .05). Cells were pre-incubated with NP-EGTA- Finally, we tested the ATP dependence of DOC2B's arrival to the PM. We performed several manipulations that severely affected ATPdependent, enzyme-mediated processes in the context of intracellular active transport events, including low temperature, ATP reduction and disruption of cytoskeleton integrity. DOC2B translocation to the PM was unaffected by these manipulations, suggesting that the translocation is ATP-independent. Furthermore, we propose that DOC2B's arrival to the PM is driven by diffusion. This is supported by a similarity in the timescale of DOC2B translocation and the diffusion coefficient extracted from the FRAP measurements. Accordingly, we suggest the following scenario for the translocation: upon calcium influx, DOC2BÁCa 2+ molecules that are close to the PM bind to it
immediately. The accumulation of DOC2B at the PM causes the area near the PM to be devoid of DOC2B, which further drives diffusion of DOC2BÁCa 2+ from inner parts of the cell toward the PM. The final stage of the translocation mechanism probably includes an electrostatic attraction between DOC2BÁCa 2+ and the PLs near the PM. 56, 57 This promotes specific PI(4, 5)P 2 interactions and penetration of adjacent hydrophobic residues, some of which are exposed as a result of Ca 2+ activation, into the lipid bilayer. 1, 58 The MD simulation suggests that charge neutralization in the Ca
2+
-binding site of the C2B domain by Ca 2+ reduces the electrostatic repulsion of the domain from the PM and promotes association with PI(4, 5)P 2 , as recently described for syt1 27 and the constitutive PM localization of DOC2B D218,220N .
We thus conclude that both Ca 2+ and PI(4, 5)P 2 are required for DOC2B translocation in living cells.
The present findings suggest that the molecular basis for the DOC2B-PM interaction is very similar to that for syt1. These similarities raise questions as to why syt1 affects synchronous release whereas DOC2B affects spontaneous and asynchronous release. This can be explained by differences in the proteins' primary localization ] elevation in the cytosol, DOC2B
binds Ca 2+ and PI(4, 5)P 2 -containing membranes. This drives its translocation, which is characterized by diffusion-like kinetics. 
| MATERIALS AND METHODS

| Cell cultures and transfections
| DNA constructs
Mutations were introduced into DOC2B-GFP N2, 7 C2AB-GFP N2 or C2B-GFP N2, 6 using site-directed mutagenesis PCR. Botulinum toxins BoNT/C and BoNT/E were a generous gift from the laboratory of Prof. Ilana Lotan (Tel-Aviv University). mRFP-syx1A and SNAP25-YFP were a kind gift from Prof. Edward Stuenkel (University of Michigan). R-GECO was a generous gift from the laboratory of Prof. Robert
Campbell. 31 Lact-C2-GFP was a gift from Prof. Sergio Grinstein (addgene #22852). For PI manipulations using the rapamycin dimerization system, the PH domain of PLCδ1, PLCδ-PH-GFP (addgene #21179), CF-Inp (addgene #20155), CF-Inp D281A (addgene #20156) and Lyn11-FRB (addgene #20147) were a gift from Prof. Tobias
Meyer. CF-PIPK, CF-PIPKi, mcherry-iSH were a generous gift from the laboratory of Prof. Takanari Inoue (Johns Hopkins University).
PLCδ-PH-mKate was a kind gift from Prof. Thomas Martin (University of Wisconsin-Madison). Rab7-FRB (addgene #51613), PH-Akt-GFP (addgene #51465), and PH-Btk-GFP (addgene #51463)
were a gift from Prof. Tamas Balla. NPY-mRFP was a kind gift from
Prof. Matthijs Verhage (Vrije University). 
| Translocation experiments
| PI(4, 5)P 2 manipulations
These were conducted using the rapamycin system as described pre- ]. PLCδ-PH-GFP to monitor PI(4, 5)P 2 localization or DOC2B-GFP were co-expressed with the rapamycin system constructs.
For the endosomal synthesis of PI(4, 5)P 2 in COS7 cells, transfection was optimized to include the following constructs: CF-PIPK (or -CF-PIPKi as a control), Rab7-FRB, PLCδ-PH-GFP and DOC2B-mRFP at a ratio of 2:1:1:2, respectively, with a total 0.6 μg DNA. When examining translocation of isolated C2B-GFP and C2B K319E -GFP, PLCδ-PH-mKate was co-expressed together with CF-PIPK and Rab7-FRB in similar amounts. Cells were transferred to the microscope in the imaging solution and 2.5 μM rapamycin was added for up to 20 minutes as previously suggested. 37 This induced the dimerization of CF-PIPK with the Rab7-FRB endosome anchor, used here to initiate PI(4, 5)P 2 synthesis in intracellular membranes.
| Molecular dynamics
The structure 4ldc obtained by crystallography 6 4.7 | PI(3, 4)P 2 and PI(3-5)P 3 manipulations PI(3, 4)P 2 and PI(3-5)P 3 depletion was achieved using the PIP3K inhibitor wortmannin. 38 PH-Akt-GFP, a biosensor for PI(3, 4)P 2 and PI(3-5)P 3 , was used as an indicator for the reduction of these PIs at the PM. 41 ]. 8 Translocation was determined as the fluorescence in the membrane divided by the fluorescence at the center of the cell.
This ratio was normalized to the baseline ratio for every cell and presented as percentage.
| Temperature and ATP-reduction experiments
Prior to these experiments, cells were incubated for 45 minutes with
OptiMEM. Then, 10 μM NP-EGTA-AM (Invitrogen) and pluronic acid A rough estimation of the dynamics of the movie, that is, the appearance, disappearance, movement and flickering of NPY-mRFP-tagged vesicles, was calculated through a series of simple arithmetic manipulations on the images defining changes in pixel intensity as vesicle dynamics. This was done using an algorithm that was previously developed in our laboratory. 
| Image processing
Images were processed using ImageJ software 1.37c, 71 subtracted for background using simple subtraction and/or brightness/contrast adjustments and then smoothed once.
ACKNOWLEDGMENTS
We would like to thank Prof. Takanari domain and contributed to writing the paper. U.A. supervised the work and was involved in the writing of the paper.
